Abstract. Cadmium is a long-living heavy metal, abundantly present in the environment, which accumulates in the body. In this study, we investigated the effects of cadmium on the expression of molecular chaperones, and of certain cell-specific proteins, in a variety of brain cell types in culture, namely primary cultures of rat cortical neurons and astrocytes, a brain capillary endothelial cell line (RB4E.B cells), and pheochromocytoma cells (PC12), induced or not to differentiate by NGF treatment. The metal induces a dose-dependent increase of Hsp70 in all cell types. Responses to the metal are cellspecific in the case of Hsc70 and Hsp90: i) in astrocytes, as well as in PC12 cells, cadmium has no significant effect; ii) in endothelial cells, an increase of both proteins is clearly observable from 20 μM cadmium; iii) both Hsp90 and Hsc70 decrease in neurons treated with high doses of cadmium. Damage to the cytoskeleton in treated cells was also evident. Finally, we report that the metal at high doses induces a decrease of PIPPin (also known as CSD-C2), a putative RNAbinding protein highly expressed in neurons and probably involved in the regulation of histone replacement variant expression.
Introduction
Because of its high environmental impact and its long biological half-life of ~30 years, cadmium is a heavy metal of high potential toxicity (1) . Carcinogenic effects, as well as damage of several organs (2) (3) (4) (5) , are caused by the exposure to this metal, which also alters gametogenesis and embryogenesis (6, 7) , interfering with normal development and/or inducing apoptotic responses in embryos (8) (9) (10) . A prominent effect of cadmium is the induction of oxidative stress both in vivo and in cultured cells (11) (12) (13) (14) (15) . As a response to cadmium-induced stress, many cells activate the synthesis of heat shock proteins (Hsps) (10, 16, 17) , in a heat shock factor (HSF)-dependent manner (17) .
Cadmium enters the central nervous system either through the olfactory pathway or by altering the permeability of the blood-brain barrier (18) (19) (20) (21) , and has been reported to cause lipid peroxidation (15) , damage to DNA (22) , and alteration of calcium homeostasis (23) (24) (25) . Cadmium was also demonstrated to affect metabolism, release and re-uptake of different neurotransmitters (26) (27) (28) (29) . Although the complexity of the cellular and biochemical actions of cadmium have been discussed in a number of studies, the underlying mechanisms are not completely understood. In particular, it is not clear whether all the different populations of brain cells (i.e. neurons, glial cells, and endothelial cells) are equally sensitive to the metal, and whether they activate cell responses to cadmium that involve similar pathways.
In this study, we directly compared the effects of the metal on different kinds of brain cells, using as reference the expression of three molecular chaperones (Hsp70, Hsc70, and Hsp90), as well as the expression and sub-cellular localization of certain cell-specific proteins, such as the nerve cell-specific microtubule-associated protein MAP-2 and the astrocyte intermediate filament-specific glial fibrillary acidic protein (GFAP). We also investigated the effect of cadmium on the expression of PIPPin (also called CSD-C2), a putative RNAbinding protein discovered years ago in our laboratory (30) . This protein, that contains a cold shock domain (31) , is expressed in specific nerve cell populations of the brain (32) , and seems to be involved in the post-transcriptional regulation of genes encoding replacement histones, such as the linker histone H1˚ and the core histone H3.3 (31) . PIPPin is also able to interact strongly with chromatin (33) . Although the function of PIPPin is not yet clear, it seems able to shuttle between the nucleus and the cytoplasm, as well as to undergo post-translational modifications, such as phosphorylation (34, and our unpublished observations) and sumoylation (33) , in response to extracellular stimuli. Cell cultures. Neurons were purified from fetal rat cortices at the 16th day of gestation and cultured in a chemically defined medium (Maat Medium), on laminin, as already described (35) . Astrocytes were prepared from two-day-old newborn rats, as previously described (36) , and cultured in DME/Hams F-12 (2/1), supplemented with 10% heat-inactivated fetal calf serum (Sigma-Aldrich, MO, USA), until half confluence.
Materials and methods

Animals
RBE4.B immortalized rat brain capillary endothelial cells (BCECs) (37) were kindly donated by F. Roux, under the permission of Neurotech SA (Orsay, France). BCECs were plated on collagen I and fed with NIH medium (SigmaAldrich).
Undifferentiated pheochromocytoma 12 cells (PC12) were cultured in RPMI-1640 medium, containing 10% horse serum and 5% fetal bovine serum (Sigma-Aldrich). Before inducing differentiation, cells were plated on laminin. Nerve growth factor (NGF; Promega Corporation, WI, USA) was then added at an initial concentration of 4 μl/2. Vitality assay. Cell death was evaluated by cell staining with an acridine orange (AO)/ethidium bromide (EB) mixture, each at a concentration of 100 μg/ml, as described (38) . The staining of cells was observed by fluorescent microscopy.
Western blot analysis. After treatment, cells were collected, washed with PBS, and homogenized in homogenization buffer (0.32 M sucrose; 50 mM sodium phosphate buffer, pH 6.5; 50 mM KCl, 0.5 mM spermine; 0.15 mM spermidine; 2 mM EDTA, and 0.15 mM EGTA), containing the protease inhibitors aprotinin (2 μg/ml), antipain (2 μg/ml), leupeptin (2 μg/ml), pepstatin A (2 μg/ml), benzamidine (1.0 mM), and phenylmethylsulfonyl fluoride (1.0 mM), all purchased from Sigma-Aldrich. Total protein concentration was determined by the Quant-iT™ protein assay using a Qubit™ fluorometer (Invitrogen). Equal amount of proteins (10-20 μg) were loaded onto each lane of 12% acrylamide-SDS denaturing gels. After electrophoretic separation, samples were electroblotted onto a PVDF membrane (0.45 μm pore-size, Amersham Biosciences). Concentrations of the samples on the membrane were visualized by staining with Ponceau red for 5 min. Finally, the membrane was immunostained with one of the following antibodies: i) rabbit polyclonal anti-Hsp70 (Calbiochem, Darmstadt, Germany); ii) mouse polyclonal anti-Hsc70 (Santa Cruz, CA, USA); iii) mouse monoclonal anti-Hsp90 (Calbiochem); iv) mouse monoclonal anti-microtubule associated protein (MAP)-2 (Sigma-Aldrich); v) rabbit polyclonal anti-glial fibrillary acidic protein (GFAP; SigmaAldrich); vi) rabbit polyclonal anti-PIPPin antibody was obtained in our laboratory, by immunizing rabbits with recombinant PIPPin, as already described (31) . The secondary, anti-rabbit or anti-mouse antibodies were from Promega Corporation.
Immunofluorescence microscopy. Neurons and differentiated PC12 were cultured on coverslips coated with laminin or poly-D-lysine respectively. After treatment, cells were fixed with 96% ethanol, on ice, for 10 min and permeabilized for 5 min with 0.1% Triton X-100, in PBS. Cells were finally incubated with rabbit polyclonal anti-Hsp70 (Calbiochem) and mouse monoclonal anti-microtubule associated protein (MAP)-2 (Sigma-Aldrich)-primary antibodies. The secondary antibodies were anti-rabbit-, or anti-mouse-IgGs, conjugated to rodhamine or to fluorescein (Promega Corporation). Nuclei were counterstained for DNA by treating with Vectashield mounting medium for fluorescence, containing 4'-,6-diamino-2-phenylindole (DAPI; Vector Laboratories, Youngstown, OH, USA) and observed in an Olympus BX-50 microscope (Olympus Italia s.r.l., Segrate, Italy) equipped with Vario Cam B/W camera (Nikon Instruments s.p.a., Calenzano, Italy).
Results
Effect of cadmium on brain cell vitality and morphology.
As shown by the vitality assays (Figs. 1 and 2A) , based on the ability of ethidium bromide to enter dead cells (that appear orange-red), all the analyzed brain cell types are sensitive to cadmium, especially those that divide more rapidly, such as the RBE4.B brain capillary endothelial cell line (Fig. 1d-f ) and undifferentiated PC12 cells (Fig. 1g-i) . Astrocytes tend to maintain their general morphology even at high doses of cadmium (20 μM) (Fig. 1b) . At the highest metal concentration (50 μM), however, also astrocytes show alterations of the cell bodies and tend to detach from the fibronectin extracellular matrix (Fig. 1c) . Neurons ( Fig. 2A, a * -d * ), as well as differentiated PC12 cells ( Fig. 2A, a-d, and a'-d') , show a dramatic reduction of neurites, even at the lowest doses of the metal (1 μM).
These morphological changes depend on the alteration of the cytoskeletal architecture. As shown in Fig. 2B , indeed, both the network of microtubules in neurons (a-e), and the network of intermediate filaments in astrocytes (a * -e * ) are dramatically affected by cadmium treatment, as indicated by the altered distribution of the microtubule associated protein 2 (MAP-2, a-e), and of the astrocyte-specific glial fibrillary acidic protein (GFAP, a * -e * ), respectively. In the case of neurons, for example, MAP-2, and probably microtubules themselves, collapsed onto the nuclei, even at 1 μM cadmium (Fig. 2B, b) . In the case of astrocytes, higher doses of cadmium (50 μM) are required in order to observe severe disassembly of the intermediate filaments and loss of the peculiar morphology of these cells. Differentiated PC12 cells (dPC12, Fig. 2B , a'-e') have on average less MAP-2 and higher amounts of Hsp70 than neurons and the effect of cadmium seems less dramatic, in comparison with the other cell types; however, the effect on cell branching is quite evident (Fig. 2A, a-d , and a'-d'; 2B, a'-e').
A relative increase of Hsp70 (green fluorescence) that accompanies disassembly of the cytoskeleton is also evident for all cell types, as shown in Fig. 2B .
Effect of cadmium on the expression of different chaperones.
We studied the expression of three cell chaperones, the housekeeping Hsc70 and Hsp90, as well as the stress protein Hsp70. The Hsp70 levels increased in all cell types in response to cadmium treatment (Figs. 3-6) , thus demonstrating that, as in other cell types, the metal induces a stress response both in primary brain cells, i.e. astrocytes (Fig. 3) and neurons (Fig. 4) , and in brain cell-like cell lines, such as RBE4.B brain capillary endothelial cells (Fig. 5 ) and PC12 cells (Fig. 6 ). In the case of primary cortical neurons, however, the increase in the total amount of Hsp70 was highly variable among various neuronal cultures (Fig. 4, statistical analysis) . Cadmium did not induce any significant alteration in the expression levels of the other two chaperones analyzed (Hsc70 and Hsp90) in PC12 cells (not shown), or in astrocytes (Fig. 3) . On the other hand, a significant increase of both Hsc70 and Hsp90 was evident in the case of the brain capillary endothelial cell line (Fig. 5) . Curiously, we noted the opposite tendency in neurons, where the concentration of both proteins decreased at the highest doses of cadmium (Fig. 4) .
Effect of cadmium on the expression of PIPPin in cortical
neurons. Finally, we investigated the effect of cadmium on the expression of PIPPin (also called CSD-C2), a putative RNA-binding protein discovered years ago in our laboratory (30) . This protein contains a cold shock domain (31) , and can probably bind both specific mRNAs and chromatin (31, 33) . Because of its properties, PIPPin could be involved in translating environmental signals into post-transcriptional as well as transcriptional modification of the expression of genes relevant to cell response to stress. As shown in Fig. 7 , PIPPin undergoes a clear decrease when neurons are treated with 50 μM cadmium. either neurons (i.e. pheochromocytoma cells, induced to differentiate into neurons by NGF treatment), or brain capillary endothelial cells (i.e. RBE4.B cells) were also damaged by cadmium.
Discussion
A target of these damaging effects is the cytoskeleton, especially in neurons and neuronal-like NGF-treated PC12 cells, where the metal always induces a dramatic disassembly of neurites and the complete disappearance of microtubules, which seem to collapse onto the nuclear surface.
On the other hand, we found that the responses to the metal are cell-specific when it concerns the expression of Hsc70 and Hsp90, in astrocytes, as well as in PC12 cells, indeed, cadmium had no significant effect, whereas, in endothelial cells, an increase of both proteins is clearly observable after treatment with at least 20 μM cadmium. In the case of neurons, we observed that both Hsp90 and Hsc70 decrease after exposure to 20 μM cadmium.
As expected, the metal induces a dose-dependent increase of Hsp70 (the classical stress protein in the family), in all cell types, although in neurons this response shows a high degree of variability. Finally, we analyzed the possible effects of cadmium exposure on the expression in neurons of proteins not directly linked to stress. In particular, we studied the effects of the metal on PIPPin (also known as CSD-C2), a putative RNAbinding protein, highly expressed in neurons and probably involved in the regulation of histone replacement variant expression. Herein we report that high doses of cadmium (50 μM) induce a clear decrease of this protein. Although an interpretation of this observation deserves a full understanding of the actual PIPPin functions in the cells, we already know that this protein can exist in phosphorylated (31, 34) , as well as sumoylated forms (33) . Moreover, its post-translational modifications have been related to specific extracellular stimuli at least in some cases (33) . On the other hand, PIPPin is most closely related to CRHSP24, a protein particularly abundant in pancreas, testis, liver, and lung. CRHSP24 has been suggested to be involved in calcium-mediated signal transduction (39) . As cadmium has been reported to interfere with calcium homeostasis in nerve cells (23) (24) (25) , we suggest that PIPPin might be a novel and central target of cadmium action in the brain. 
